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Electron beams are versatile tools for nanoscale fabrication processes, however, the underlying e-beam
chemistry remains in its infancy. Through operando transmission electron microscopy investigations,
we elucidate a redox-driven cargo release of individual metal atoms triggered by electron beams. The
chosen organic delivery molecule, tetraphenylporphyrin (TPP), proves highly versatile, forming
complexes with nearly all metals from the periodic table and being easily processed in solution.
A comprehensive cinematographic analysis of the dynamics of single metal atoms confirms the nearly
instantaneous ejection of complexed metal atoms under an 80 kV electron beam, underscoring the
system’s broad versatility. Providing mechanistic insights, we employ density functional theory to support
the proposed reductive demetallation pathway facilitated by secondary electrons, contributing novel
perspectives to electron beam-mediated chemical reaction mechanisms. Lastly, our findings
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demonstrate that all seven metals investigated form nanoclusters once ejected from TPP, highlighting
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Introduction

Recently, we published findings on the unexpected electron
beam-induced demetallation of custom-made metallobenzo-
porphyrins deposited on graphene as a substrate." While pre-
vious studies reported on the use of heavy transition metal
contrast markers in molecular imaging by high-angle annular
dark-field scanning transmission electron microscopy (HAADF-
STEM),>® our operando transmission electron microscopy (TEM)
observations on metallobenzoporphyrins suggested that the metal
atoms exhibited deficient complexation behavior by the macro-
cycle, once subjected to the electron beam (e-beam). This, in turn,
is an opportunity for analyzing single metal atoms.

The investigation of single metal atom dynamics, encom-
passing their diffusion behavior on different substrates and the
propensity to form larger aggregates and clusters, holds signi-
ficant importance for various nanotechnological applications.”®
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the method's potential for studying and developing sustainable single-atom and nanocluster catalysts.

For instance, understanding the deactivation pathways of single-
atom catalysts (SACs) is crucial for designing durable and sustain-
able catalysis solutions.* Likewise, in nanoelectronics, precise
control over each atom’s state is essential when they are imple-
mented in single-atom transistors (SATs) for the fabrication of
electronic quantum circuits.'"*

Apart from computational analysis of atom-substrate inter-
actions, in situ TEM and respective single-molecule atomic-
resolution time-resolved electron microscopy (SMART-EM)
techniques stand out as powerful experimental tools for inves-
tigating ad-atom dynamics.’>* One way of depositing single
metal atoms on substrates is using organic cargo-delivery
molecules. As exemplified by Sinha et al., Gd-atoms can be
deposited on graphene by drop-casting a solution of Gd;N@Cg,
endohedral metallofullerenes (EMFs), followed by the release of
the metal atoms onto the substrate upon annealing to 900 °C.**
While this cargo methodology is elegant, its limitation to only a
few and expensive EMFs poses a challenge.

In this work, we present a generalized approach for the
redox-driven cargo release of solution-based single-metal-atom
deposition on graphene. Therefore, we employed the widely
accessible tetraphenylporphyrin (TPP) as a redox-active macro-
cyclic ligand for transition metals, which upon e-beam irradia-
tion, releases the complexed metal atoms and subsequently
form metal clusters (Scheme 1). By studying seven different

Phys. Chem. Chem. Phys., 2024, 26, 8051-8061 | 8051


https://orcid.org/0009-0001-1068-2637
https://orcid.org/0000-0002-3033-0372
https://orcid.org/0000-0002-3093-3624
http://crossmark.crossref.org/dialog/?doi=10.1039/d3cp05848d&domain=pdf&date_stamp=2024-02-04
https://doi.org/10.1039/d3cp05848d
https://doi.org/10.1039/d3cp05848d
https://rsc.li/pccp
https://doi.org/10.1039/D3CP05848D
https://pubs.rsc.org/en/journals/journal/CP
https://pubs.rsc.org/en/journals/journal/CP?issueid=CP026010

Published on 31 January 2024. Downloaded on 1/8/2026 5:39:57 AM.

80 keV M 80 keV

e-beam e-beam %8

= =
diffusing

metal atoms

metal cluster

MTPP
M = Fe, Co, Ni, Cu, Zn, Pd, Pt

Scheme 1 Redox-driven cargo release of single metal atoms from metal-
loporphyrins and formation of metal clusters.

metalloporphyrins (Fe, Co, Ni, Cu, Zn, Pd, and Pt), we elucidate
herein the e-beam chemistry of metalloporphyrins through
operando (scanning) transmission electron microscopy, com-
plemented by energy-dispersive X-ray spectroscopy (EDS) and
density functional theory (DFT).

Experimental
Synthesis of metallotetraphenylporphyrins

Chemicals were purchased from Sigma-Aldrich and used without
any further purification. CH,Cl, was neutralized with K,CO; and
distilled prior to usage. Reactions were carried out in darkness and
under a dry argon atmosphere using standard Schlenk techniques.
Reaction vessels were heated with polymer-coated heat-on blocks.
All synthetic and structural characterizations are described in
detail in the ESLt Briefly, the MTPPs were synthesized from
TPP, as shown in Fig. 1a, following the protocols described below.
Absorption spectra of the synthesized MTPPs are shown in Fig. 1b.

FeTPP. TPP (100 mg, 163 pmol) and FeCl, (309 mg,
2.45 mmol) were dissolved in DMF (40 mL) and brought to
reflux for 5 h. The mixture was plug filtered (SiO,; MeOH/Hex/
EtOAc (1:1:1)) and concentrated. The crude was purified by
column chromatography (SiO,; EtOAc/Hex (1:1)) and precipi-
tated from MeOH with H,O to give the product as a dark-brown
colored solid in 64% (70 mg, 100 pmol) yield.

CoTPP. TPP (100 mg, 163 pmol) and Co(OAc),-2H,0 (288 mg,
1.63 mmol) were dissolved in THF (50 mL), and the mixture
was brought to reflux for 20 h. The mixture was plug filtered (SiO,;
CH,Cl,/Hex (1:1)) and precipitated from CH,Cl, with MeOH to give
the product as a burgundy-colored solid in 57% (62 mg, 93.0 pmol)
yield.

NiTPP. TPP (50 mg, 81.3 pmol) and Ni(acac), (209 mg,
813 pumol) were dissolved in toluene (25 mL) and brought to
reflux for 24 h. The mixture was plug-filtered (SiO,; toluene),
concentrated, and precipitated from toluene with MeOH. The
solid was filtered, washed with MeOH, and dried in vacuum to
give the product as a purple solid in 46% (25 mg, 37.2 pmol) yield.

CuTPP. TPP (50 mg, 81.3 umol) dissolved in CH,Cl, (50 mL)
was charged with a saturated solution of Cu(OAc),-H,O in
MeOH (5 mL) and stirred for 20 h at rt. The mixture was plug
filtered (SiO,; CH,Cl,), concentrated, and purified by column
chromatography (SiO,; CH,Cl,/Hex (1:1)). The product was
precipitated from CH,Cl, with MeOH to give a red-colored
solid in 97% (53 mg, 79 umol) yield.

8052 | Phys. Chem. Chem. Phys., 2024, 26, 8051-8061

View Article Online

PCCP
a
M]
MTPP
M = Fe, Co, Ni, Cu, Zn, Pd, Pt
b
B-bands
14
0,8 4
El
& 0,6
[
[*]
[
[}
2
g 04
2
<
0,2 1

0
350 450 550 650

Wavelength (nm)

Fig. 1 (a) Synthesis of MTPPs from TPP. (b) Normalized UV/Vis absorption
spectra of MTPPs in CH,Cl, at rt.

ZnTPP. TPP (60 mg, 98.0 pmol) dissolved in CH,Cl, (50 mL)
was charged with a saturated solution of Zn(OAc), in MeOH
(5 mL) and stirred for 20 h at rt. The mixture was plug filtered
(SiO,; CH,Cl,), concentrated, and purified by column chroma-
tography (SiO,; CH,Cly/Hex (1:1)). The product was precipi-
tated from CH,Cl, with MeOH to give a pink-colored solid in
72% (48 mg, 71 pmol) yield.

PATPP. PdCl, (289 mg, 1.63 mmol) was dissolved in benzo-
nitrile (25 mL) and brought to reflux for 30 min. TPP (100 mg,
163 pmol) was added as a solid, and the mixture was brought to
reflux for 6 h. The solvent was distilled off, the mixture was
plug-filtered (SiO,; toluene), concentrated, and precipitated
from toluene with MeOH. The solid was filtered, washed with
MeOH, and dried in vacuum to yield the product as a red solid
in 70% (82 mg, 114 umol) yield.

PtTPP. Pt(acac), (641 mg, 1.63 mmol) was dissolved in
benzonitrile (25 mL) and brought to reflux for 30 min. TPP
(100 mg, 163 umol) was added as a solid, and the mixture was
brought to reflux for 6 h. The solvent was distilled off, the
mixture was plug-filtered (SiO,; toluene), concentrated, and
precipitated from toluene with MeOH. The solid was filtered,
washed with MeOH, and dried in vacuum to yield the product
as a red solid in 60% (80 mg, 97.8 pmol) yield.

Graphene grid preparation

Graphene was synthesized via chemical vapor deposition (CVD)
on 25 pum Cu foils (99.8%, Alfa Aesar)."® An illustration of the
graphene transfer steps onto TEM grids is presented in Fig. S1
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in the ESI.} Briefly, graphene on the back side of the Cu foil was
etched by O, plasma in the reactive-ion etching (RIE) mode
(CUTE, Femto Science Co.) (power = 70 W, flow rate = 20 sccm).
Polymethyl methacrylate (PMMA) solution (PMMA-950 K A4,
MicroChem Corp.) was spin-coated on graphene/Cu foils at
3000 rpm for 1 min and dried in air. The copper foil was etched
with an aqueous 2 mM ammonium persulfate [(NH,),S,Og]
solution for 24 h. The PMMA/graphene stacks were rinsed three
times in deionized water. The stacks were scooped onto Quan-
tifoil holey carbon TEM grids (R2/2 400 mesh Gold, SPI
Supplies Inc.) and dried in air for 24 h. To enhance the
adhesion between graphene and the carbon film of the TEM
grids, PMMA/graphene/grids were heated at 150 °C for 10 min.
Finally, the PMMA film was dissolved with acetone."”

(S)TEM analysis and data processing

Atomic-resolution operando electron microscopy was carried
out on a cold FEG JEOL JEM-ARM200F instrument equipped
with a double Cs aberration corrector and double JED-2300T
energy-dispersive X-ray spectrometer at an acceleration voltage
of 80 kV and a vacuum of 1 x 10™° Pa in the TEM column. TEM,
STEM, and EDS elemental mapping experiments were carried
out on a reinforced beryllium double tilt holder (JEOL
EM-01360RSTHB) at rt. TEM videos were recorded on a CMOS
camera (Gatan OneView-IS, 2048 X 2048 pixels) operated in
binning 1 mode (output image size 2048 x 2048 pixels, with a
pixel resolution of 0.01 nm at x2 000 000), an exposure time of
40 ms, and a frame rate of 25 fps. All images were automatically
processed using Gatan DigitalMicrograph software. HAADF-
STEM camera lengths of 6 and 8 cm (with detection angles
ranging from 90 to 370 mrad and 68 to 280 mrad, respectively)
were used. The probe size was 6 and 7C (120 and 60 pA,
respectively), and the condenser lens (CL) aperture size was
40 pm. The probe convergence angle was between 28 to
33 mrad. Images were collected in the .dm4 format on Gatan
DigitalMicrograph software and processed using Image] 1.54f
software.'® Images were subjected to thermal drift correction,
and Gaussian blurred before analysis. Trajectories of single
metal atoms and clusters were tracked and analyzed with
TrackMate as implemented in Fiji."*?° Electron diffraction
pattern was simulated using the SingleCrystal software (Crystal-
Maker Software Ltd). TEM simulation images were generated
using a multi-slice procedure implemented in Bionet elbis
software.”" Simulation parameters were set to agree with the actual
experimental parameters: acc. volt. = 80.00 kV, 4 = 0.04176 A C =
—0.00490 mm, d; = 129.49 A, C. = 0.25 mm, d. = 0.43 €V, o =
0.20 mrad, OL aperture radius = 20.88 mrad, OL aperture radius =
0.50 A, pixel size = 0.1089 A, max. intens. = 1.5165.

DFT calculations

Geometry optimization and energy calculations were performed
on Q-Chem as implemented in the SPARTAN ‘20 work pack-
age.”*™ Structures were first optimized using the semi-
empirical method PM6,> followed by the Head Gordon range-
separated global hybrid generalized gradient approximation density
functional ®B97X-D with Grimme D2 dispersion correction,>*?*”

This journal is © the Owner Societies 2024
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using the Pople-type double-{ split-valence basis set 6-31G(d).**>°
To reduce calculation costs, the meso-phenyl rings were replaced by
hydrogen atoms to represent metalloporphins (MPs). Single-point
calculations were obtained at the triple-{ 6-311+G(2df,2p) level of
theory.>'> Ionization energies were obtained from the frozen
geometry of the neutral molecule in the respective ionization state,
whereby possible, the electronic closed-shell configurations were
considered. Threshold displacement energies Eq were determined
at the ©B97X-D/6-311G(2d,p)//B3LYP/6-31G(d) level of theory.
E4 was obtained from the Morse potential calculations for the
gradual extension over 20 steps of the respective N,-M bonds
from equilibrium distance to a length of 7 A. The intersection of
the slopes for the binding potential (equilibrium —2.8 A) and the
non-binding potential (4-7 A) resulted in the determined thres-
hold energies for the homolytic bond scissions at different redox
states.™"”

Results and discussion
Diffusion of single metal atoms

For this generalization study of the redox-driven cargo release
of single metal atoms, we decided to investigate the catalytically
active group ten elements Ni, Pd, and Pt, as well as the
neighboring transition metals from the fourth period, Fe, Co,
Cu, and Zn, to have a comprehensive view on the goings-on
under the e-beam. We drop-casted 10 pL of a 1.5 mM solution
of the MTPPs in tetrahydrofuran (THF) (Fig. 2a) on the freshly
prepared graphene grids, and excess of the solution was
removed with a blotting paper as illustrated in Fig. 2b. The
grids were then dried in vacuum (10~ mbar) before being
subjected to TEM analysis. Compared to previously published
metal atom deposition techniques, such as thermal evapora-
tion,** e-beam deposition,** soft-landing deposition,* atomic
layer deposition,®® chemical vapor deposition,®” or magnetron
sputtering,*® our solution-based deposition is a highly versatile
and easily accessible method that does not require any addi-
tional equipment.

We initiated our investigation with PtTPP, which features
the Pt in the +II oxidation state. Upon examining the sub-
strate for pristine graphene regions at high magnifications
(x2 000 000) with a moderate electron flux of ~10 ®e” nm ?s*
for SMART-EM studies,**™** we discovered omnipresent single
Pt atoms. As highlighted in the time-dependent image
sequence of two Pt atoms in Fig. 3a (Video S1, ESIt), dynamic
behavior for both atoms was observed, as evidenced by the
diffusion trajectories. Hereby, Pt atom 1, which was situated on
the graphene monolayer at the edge of an amorphous carbon
layer showed an increased translational mobility compared to
Pt atom 2, which was embedded in the amorphous carbon layer
and only moving due to dynamic changes of the layer (Fig. 3b).
The omnipresent amorphous carbon islands on the graphene
surface are residues from the graphene grid fabrication
(compare also Fig. S2 in the ESIf).*>™’

This dynamic behavior of single metal atoms was also
observed when other MTPPs (M = Fe, Co, Ni, Cu, Zn, and Pd)

Phys. Chem. Chem. Phys., 2024, 26, 8051-8061 | 8053
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Fig. 2 TEM Sample preparation. (a) Image of the used 1.5 mM solutions
of MTPPs in THF. (b) Illustration of the solution-based deposition of MTPPs
on the graphene grid.

were used, as summarized in Fig. 3¢, unequivocally indicating a
successful demetallation of all MTPPs under the electron beam.
Notably, all metals within the MTPPs are present in the +II
oxidation state; only in the case of FeTPP does the iron carry a
fifth ligand (chloro) and is, therefore, in the +III oxidation state.
Nonetheless, Fe is equally well demetallated compared to the
+II metals. The dynamics of the metal atoms align with
previous in situ TEM studies on single metal atoms,”**>°
confirming that the demetallation pathway utilized herein
yields comparable results to previously published deposition
methods.

View Article Online
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Regarding general chemical demetallation strategies of por-
phyrins, ZnTPP is routinely demetallated under wet-chemical
conditions with mild acids, which makes demetallation induced
by diffusing H" atoms, in principle, plausible. On the other hand,
derivatives like NiTPP exhibit a high resistance to acid-mediated
demetallation and necessitate alternative strategies, such as
reductive demetallation with Grignard reagents.”*® This obser-
vation provides valuable insights into the demetallation mechan-
isms (vide infra). Further, at the employed electron flux, a metal
release due to critical fragmentations of the meso or a-carbons
in the TPP ligand is earliest expected to proceed after ~30 s;
however, the metal atoms were immediately detected upon
scanning the surface, rendering a fragmentation-induced metal
release less likely (vide infra).!

Theoretical evaluation

To rationalize the mechanism of the observed demetallation,
we considered beam-molecule interactions based on elastic and
inelastic scattering events.>® In the case of elastic scattering, the
electrons are deflected from their trajectory through attractive
Coulomb interactions between the positively charged nucleus
and the beam electrons. During this process, momentum is
transferred to the nucleus, which causes a translation of the
atom from its equilibrium position. As a consequence, the
atoms in the molecules vibrate and are thus lifted into vibro-
nically excited states. If the transferred kinetic energy exceeds
the threshold displacement energy E; of the atom in the
molecule, this vibronic excitation can terminate in a homolytic
bond cleavage and a fragmentation of the molecule occurs.”
Herein, we will denote the non-destructive e-beam-induced
vibronic excitation of molecular bonds, induced by elastic
scattering, as ‘knock-on excitation’, whereas the destructive
bond cleavage will be termed ‘knock-on displacement’.

The transferred kinetic energy Er to the nucleus can be
calculated according to eqn (1), where E, is the intrinsic kinetic
energy of the electron, A is the atomic mass number, and 6 is

05 1
X (nm)

Fig. 3 Released single metal atoms. (a) Time-dependent sequence of two Pt atoms. The coloration of the metal atoms corresponds to the time stamp
from the respective trajectories. (b) Images of stacked sequence (25 frames corresponding to 1 s exposure time), highlighting the location of each atom.
Atom 1 is located on the graphene monolayer at the edge of an amorphous carbon layer; atom 2 is embedded within the amorphous carbon layer. (c)
Overview images of remaining single metal atoms (Fe, Co, Ni, Cu, Zn, Pd) released by the e-beam.
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Fig. 4 Transferred energy Et against the elastic scattering angle © for all
studied elements. In red are the angles indicated, at which Et exceeds Eg4.

the scattering angle.*

At a scattering angle of 180° the transferred energy is at its
maximum (Ep.y)- If Er exceeds Eq, knock-on displacement can
occur. As indicated in Fig. 4, only light elements, including H,
C, and N, can receive enough momentum to result in a bond
cleavage. All investigated metals do not receive enough momen-
tum to be displaced from the molecule. While a scattering
angle of only 23° is necessary to displace hydrogen from MTPP,
it should be noted that the cross-section for this event is
relatively low 5.2 x 107° a,*> st~ * (carbon: 5.1 x 1077 @, st %
nitrogen: 2.5 x 10~ ’a,”> sr™'; compare Fig. S3 in the ESIf).>’
Nonetheless, C-H bond cleavages are expected to occur after
prolonged irradiation. These fragmented hydrogen atoms can
have a high enough kinetic energy to be transferred to the
atoms, denoted as Eyyquy.'® As listed in Table 1, Eyy gy is high
enough to remove most metals from the porphyrins; however, it
is not large enough to demetallate PATPP and PtTPP. Addition-
ally, the probability of this cascade reaction occurring is sub-
stantially reduced as opposed to electron-driven processes and,
therefore, is unlikely to be the main driving force for the rapid
demetallation process.

Table 1 Summaries on calculated energies involved during elastic scat-
tering processes

Element  Epa (80 keV)/eV  EyquwleV  EqleV oo (80 kev)/barn
H 187.5 187.5 7.73 66
C 15.73 53.57 12.70 20
N 13.49 46.97 12.95 4.5
Fe 3.38 13.06 10.91 0
Co 3.21 12.40 9.50 0
Ni 3.22 12.45 10.23 0
Cu 2.97 11.53 7.24 0
n 2.89 11.21 6.80 0
Pd 1.78 6.97 8.08 0
Pt 0.97 3.84 10.38 0

This journal is © the Owner Societies 2024
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Table 2 Vertical ionization energies of MTPPs calculated at the wB97X-
D/6-311+G(2df,2p) level of theory

AEionizz\tion/e\/

Metal [MTPP]** [MTPP]" [MTPP]~ [MTPP]*~
Fe 17.49 7.97 —-2.77 1.05
Co 17.44 9.51 —-0.92 1.54
Ni 18.10 6.90 —0.78 1.46
Cu 18.33 7.94 —0.67 1.65
Zn 17.58 6.73 -1.28 1.32
pd 17.80 6.83 —-1.26 1.33
Pt 17.89 6.87 -1.20 1.38

Alternatively, inelastic scattering events, which stem from
electron-electron interactions, where the beam-electron donates a
substantial amount of energy to the electrons of the molecules,
were considered. The probability for inelastic scattering to occur is
several magnitudes larger (~10°) than for elastic scattering pro-
cesses, which renders it likely the initial driving force behind the
demetallation.>® ®° Thus, we evaluated the oxidation and reduction
of metalloporphyrins employing DFT calculations. As summarized
in Table 2, the one and two-electron oxidation of metalloporphyr-
ins is energetically demanding. In contrast, the one-electron and,
to a lesser extent, the two-electron reduction are energetically
feasible. Hence, we determined E4 for the N,---M bond cleavage,
as summarized in Table 1 and depicted in the form of the Morse
potentials in Fig. 5a. As shown, ZnP exhibits the weakest metal
complexation, whereas FeP, PtP, and NiP exhibit the strongest
complexations. These calculations agree well with wet-chemical
complexation stabilities, as discussed above. Notably, the com-
plexation affinity is strongly altered upon ionization of the mole-
cule. As exemplified for ZnP in Fig. 5b, reduction to ZnP~ and
ZnP*~ leads to a decrease in binding strength, whereas oxidation
to ZnP" and ZnP** has the inverse effect (the remaining Morse
potentials are displayed in Fig. S9 in the ESIt). This behavior is
well reflected in reports about the wet-chemical reductive deme-
tallation of porphyrins.®*>*

Therefore, we propose that the demetallation is driven by
omnipresent secondary electrons (SEs), which can reduce metallo-
porphyrins through electron attachment. Subsequent vibronic
excitations, enhanced by elastic scattering, lead to the rapid
ejection of the complexed metal atoms, as depicted in Fig. 5¢
(further mechanistic explanations are depicted in Fig. S8 in the
ESIY). This pathway explains why metal atoms are already found to
be displaced when screening the surface without being exposed to
prolonged e-beams, as SEs are ejected into the periphery of the
primary electron beam (beam shadow)." At the same time, this
effect is enhanced in thicker samples as more SEs are generated.
Consequently, using (S)TEM for molecular structure determination,
using a low electron flux, thin samples to reduce the formation of
SEs, and a conductive specimen to facilitate charge recombination
processes, is critical.’

Formation and dynamics of metal clusters

In regions characterized by a high concentration of metal atoms,
a tendency towards cluster formation under the e-beam in TEM
mode was evident. Fig. 6a (Video S2, ESIt) illustrates three

Phys. Chem. Chem. Phys., 2024, 26, 8051-8061 | 8055
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Fig. 5 Evaluation of the homolytic bond cleavage of the N4 --M bond in metalloporphins MPs. (a) Morse potential curves for all MPs in the neutral state.
(b) Exemplified Morse potential of ZnP in different ionization states (-2, —1, 0, +1, +2). (c) Proposed demetallation mechanism induced by secondary
electrons (SEs). Electron density maps of ZnP models at increasing bond length are calculated at the ®B97X-D/6-311G(2d,p) level of theory; iso-value of

electron density shows a 95% electron probability (0.0164 e~ a.u.%).

amorphous Pt clusters, each approximately 1 nm in size, main-
taining mobility despite their dimensions. 60 s after t,, two of the
three clusters coalesced. 28 s later, this fused cluster approached
the remaining one, culminating into a single amorphous cluster.
Positioned on an amorphous carbon layer, these clusters tra-
versed a distance of about 3 nm over a 100 s duration, conver-
ging into a single amorphous Pt cluster, as depicted in the
trajectory plot in Fig. 6a. Even in a crystalline state, metal atoms

exhibited mobility under electron beam irradiation, which sup-
port the formation of flexible metal clusters rather than rigid
metal carbides,’"® as exemplified by an image sequence of a Ni
cluster in Fig. 6b (Video S3, ESIf). Adopting a body-centered
cubic (BCC) packing unit, the Ni atoms continually rearranged
themselves in response to the electron beam. Notably, the
small Ni cluster stabilized in the BCC packing due to its high
surface-to-volume ratio, whereas larger crystals usually favor a

Fig. 6 TEM mode analysis of metal cluster dynamics. (a) Merging of three amorphous Pt clusters over a time period of 100 s. The moment of initial
coalescence is indicated by (A) and the final by (B). (b) Atomistic rearrangement in a crystalline Ni cluster in the BCC packing over a time period of 55 s.
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Fig. 7 STEM mode analysis of metal clusters. (a) HAADF-STEM images of the coalescing crystalline Ni clusters upon irradiating the area in STEM mode
for 11 min. (b) Magnified HAADF-STEM image of the BCC Ni crystal, the measured plot profile and experimental FFT (left) and simulated (right) diffraction
pattern. (c) HAADF-STEM images and EDS mapping of all investigated metals (Fe, Co, Ni, Cu, Zn, Pd, Pt) and clusters.

face-centered cubic (FCC) motif.**** The metastable BCC crystal
packing persisted throughout the video sequence, with only the
crystal’s shape and orientation on the substrate evolving over time.

To discern whether the electron beam in STEM mode also
induced dynamic atomistic changes, we investigated various
areas with metal clusters, as exemplified by Ni clusters in
Fig. 7a. Highlighted in the green area, at ¢, the two clusters
were distinctly separated by approximately 2 nm. Under con-
tinuous scanning e-beam irradiation over 11 minutes, both
clusters translated on the surface and merged into a single
crystalline Ni cluster. Examination of the cluster highlighted in
the green box in Fig. 7b revealed a Ni crystal exhibiting 0.2 nm
interatomic distances. Further analysis of the Fast Fourrier
Transform (FFT) pattern correlates with the peak (011) along
the [100] plane, which agrees well with the simulated diffrac-
tion pattern for Ni’s BCC structure. Ultimately, as evidenced by
HAADF-STEM and EDS mapping images in Fig. 7c, cluster
formations were observed for all seven metals investigated
herein, underscoring the general applicability of MTPPs as
redox-driven cargo delivery systems for the generation of
nanoclusters under the electron beam.

This journal is © the Owner Societies 2024

Conclusions

In this work, we present a straightforward and widely applicable
approach for the solution-based deposition and electron beam-
triggered liberation of individual metal atoms onto carbon sub-
strates. Significantly, we employ readily available organic cargo-
delivery systems, specifically tetraphenylporphyrins, which form
complexes with a broad spectrum of transition and main group
metals, imparting exceptional versatility to these molecules.
Through operando transmission electron microscopy, we illustrate
the characteristic surface mobility of the metal atoms, indicating
their release from the molecular complexes. Density functional
theory calculations support our observation that the rapid metal
release is attributed to a reductive demetallation pathway induced
by secondary electrons rather than physical fragmentation of the
macrocycle through knock-on displacement. As a consequence,
decreasing the acceleration voltage will increase the secondary
electron formation and subsequently increase the demetallation
process. This mechanistic insight contributes to the understand-
ing of electron beam-initiated chemical reaction mechanisms, an
area that remains largely unexplored.'”>*%%%>
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Notably, our method exhibits high versatility by operating at
room temperature without the necessity for annealing, hydro-
genation, or any pre-treatment. Thus, through redox-driven
cargo release, we demonstrate a methodology for e-beam-
synthesized metallic nanoclusters for diverse applications, such
as catalysis. Furthermore, the facile implementation of hetero-
atoms on the substrate, such as nitrogen, can be envisioned
through additional molecular engineering of the porphyrin’s
periphery.®®”° Incorporating heteroatom-rich substituents
allows for precise modulation of material properties, poten-
tially serving as dopants or anchor points within the substrate,
thereby offering a means to fine-tune the materials as needed.
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